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Shapes of Nonbuoyant Round Luminous Laminar-Jet
Diffusion Flames in Coflowing Air

K.-C.Lin* and G. M. Facth'
University of Michigan, Ann Arbor, Michigan 48109-2140

H hydrocarbon-fueled laminar-jet

inous flame boundaries) of steady

The shapes (I

yant round }

diffusion Bames burning in coflowing sir were studied both experimentally and theoretically. Flame shapes were

d from photog

phs of flames burning at low pressures in order to minimize the effects of buoyancy. Test

conditions involved acetylene-, propylene- and 1,3-butadiene-fueled flames having initial reactant temperatares of

300 K, ambient pressures of 19-50 kPa, jet-exit Reynolds numbers of 18-121, and initial airffuel velocity ratios

of 0.22-32.45 to yield luminous flame lengths of 21-108 mm. The present flames were close to the laminar smoke
to esti

3

te the shapes of nonbuoyant laminar-jet diffusion

point but were not soot emitting. Simple exp!

ﬂmshwﬂwwenfwndbycx&ndinganrliermﬂys'sof" haling

et al. (Mahalingam, S., Ferziger, J. H.,

ond Cantwell, B. 1., “Self-Similar Diffusion Flames,” Combustion and Flame, Vol. 82, No. 2, 1990, pp. 231-234).
These formulas provided s good correlation of present measurements except near the burner exit where self-similar
approximations used in the simplified analysis are no longer appropriate.

Nomenclature
Cy = empirical flame length factor
D = mass diffusivity
d = jet-exit diameter
Fro, Fry = air and fuel stream Froude numbers, u; ,/(2gLy)
and u?,/(28L )
J = mixture fraction
g = acceleration of gravity
L, = distance from jet exit to luminous flame tip
L, = distance from jet exit to virtual origin
m = bumner mass flow rate
P = pressure
Re = jet Reynolds number, 4m/(7d )
r = radial distance
Sc = Schmidt number, v/D
u = streamwise velocity
ug = streamwise velocity defect; Eq. (1)
w = luminous flame diameter
wy = luminous flame diameter at { = §
x = streamwise distance
Yrm = mass fraction of fuel
Yoxygen = mass fraction of oxygen
Zy = stoichiometric mixture fraction
3 = normalized streamwise distance; Eq. (12)
n = dimensionless radial distance; Eq. (6)
73 = dynamic viscosity
v = kinematic viscosity
P = density
o; = standard deviation of parameter {
Subscripts
a = airstream property
J = fuel-stream property
[ = burner exit-plane condition
Introduction

L AMINAR nonpremixed (diffusion) flames are of interest be-
cause they provide model flame systems that are far more
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tractable for analysis and experiments than more practical turbulent
diffusion flames. Centainly understanding flame processes within
laminar-jet diffusion flames must precede understanding these pro-
cesses in more complex turbulent diffusion flames. In addition, many
properties of laminar-jet diffusion flames are directly relevant to tur-
bulent diffusion flames using Jaminar flamelet concepts.’ Laminar-
jet diffusion Rlame shapes (luminous flame boundaries) have been of
particular interest since the classical study of Burke and Schamann?
because they are a simple nonintrusive measurement that is conve-
nient for evaluating fiame-structure predictions. Motivated by these
observations, the shapes of laminar diffusion flames were consid-
ered during the present investigation.

Nonbuoyant flames were emphasized during the preseat investi-
gation to simplify interpretation and analysis of the measurements
and increase the relevance of the results because most practical
flames are not buoyant. Effects of buoyancy were minimized by
observing flames having large flow velocities at small pressures.
Present methods were based on the study of the shapes of nonbuoy-
ant round laminar-jet diffusion flames in still air due to Lin et al.*
who found that a simple analysis due to Refs. 5 and 6 yielded good
predictions of the flame shapes reported by Urban et al.” and Sun-
derland et al.>* The objective of the present study was 1o extend
Ref. 4 to consider the shapes of nonbuoyant round laminar-jet diffu-
sion flames in coflowing air, prompted by the widespread use of this
configuration to study the structure and soot formation processes
of laminar diffusion flames (see Refs. 10-19 and references cited
therein). Similar to Ref. 4, a way to correlate flame-shape results was
sought, convenient for use by others, based on simplified analysis
of nonbuoyant laminar coflowing jet diffusion flames.

Most earlier studies of the shapes of nonbuoyant laminar-jet dif-
fusion flames considered round hydrocarbon-fueled flames buming
in still gases (generally air) (sce Refs. 4-8,20-33, and references
cited therein). The results of these studies have raised several con-
cerns: what conditions are needed to minimize effects of buoyancy
when observations of nonbuoyant flames are sought at normal grav-
ity, what is the effect of transient flame development on flame-
shape measurements when nonbuoyant conditions are provided by
ground-based facilities where available test times are limited, and
what is the effect of soot luminosity on the flame-shape measure-
ments of hydrocarbon-fueled flames?’ With respect to minimizing
effects of buoyancy at normal gravity, experiments at low pressures
and with very large flow velocities®® have proven to be effective
tactics that will be exploited during the present study. Transient
flame development effects have been problematical using ground-
based low-gravity facilities due 1o the limited test times of drop
towers®-7 and the flight-path disturbances of aircraft facilities.””
Recent measurements from long-term low-gravity tests in space’
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and drop-tower tests at reduced pressures,® however, have mini-
mized transient flame development problems and yielded results
that could be correlated by simplified theories as mentioned earlier.

Effects of soot luminosity on the shapes of hydrocarbon-fucled
laminar-jet diffusion flames in still air are more problematical than
effects of buoyancy and transient flame development. The lumi-
nosity of hydrocarbon-fuled flames is caused mainly by glowing
soot particles; therefore, the relationships between luminous flame
dimensions and the location of the fiame sheet (where the local mix-
rure fraction is stoichiometic) are the main issucs because the latter
is generally associated with predictions of laminar flame shapes.
Past measurements of the structure and soot properties of weakly
buoyant and buoyant round laminar-jet diffusion flames burning
in still or slowly moving air indicate that Juminous/stoichiometric
flame-length ratios are in the range 0.9-1.8, with the largest val-
ues observed as the laminar smoke point (the condition where the
flame first begins to emit soot) is approached 1= This behavior
occurs because soot oxidation begins at slightly fuel-rich conditions
and can continue in the fuel-lean region for a time before the soot
is either consumed (for non-soot-emitting or nonsooting flames)
or the soot oxidation reactions are quenched (for soot-emitting of
sooting flames), with luminous flame lengths varying sccordingly.?
Finally, recent measurements of nonbuoyant laminar-jet diffusion
flames in stll air show that luminous Aame lengths near laminar
smoke-point conditions are roughly twice as long as those of soot-
free (blue) flames at comparable conditions.*-? Fortunately, flame
shapes at these two limiting conditions could still be correlated ef-
fectively based on the simplified Spalding’ analysis, after defin-
ing an empirical factor to represent effects of soot luminosity.*
Such empiricism is not desirable, but it is unavoidable at the
present time because of limited understanding about soot reaction

L1713

Even though the classic study of Burke and Schuman? addressed
the shapes of laminar coflowing jet diffusion flames (for the limiting
condition where initial fuel and oxidant velocities were the same),
there has been relatively little subsequent consideration of this prob-
lem. Exceptions include the theoretical studies of Williams™ and
Mahalingam et al.*¥ which extended the Burke and Schumann®
analysis 1o treat flames where the outer coflowing stream was un-
bounded. During the present study, the simple self-similar analysis
of Mzhalingam et al.% was further developed to provide a theoretical
basis for correlating the shapes of nonbuoyant laminar-jet diffusion
flames in coBlowing air, analogous to the use of the simplified anal-
ysis of Spalding® to provide a theoretical basis for comrelating the
shapi of nonbuoyant laminar-jet diffusion flames in still air by Lin
etal

The preceding discussion suggests that significant progress
has been made concerning the shapes of the hydrocarbon-fucled
laminar-jet diffusion flames in still air but that corresponding in-
formation for flames in coflowing air is very limited in spite of
the importance of this configuration for studies of soot processes in
laminar-jet diffusion flames. With this staws in mind, the present in-
vestigation considered nonbuoyant round luminous laminar-jet dif-
fusion flames in coflowing air with the following specific objectives:

1) Measure the shapes (luminous flame boundaries) and asso-
ciated properties such as laminar flame lengths and diameters for
various fuel types, coflow velocities, jet-exit flow rates and ambient
p’re's"'s]m*‘ s. e e ERIEE s :7 = 7:7 77; . PP

2) Compare present measurements with earlier findings for sim-
ilar flames in still air, e.g., the flames observed in Ref. 4, 10 help
quantify effects of cofiow on flame-shape properties.

3) Exploit the new measurements to develop 2 correlation for the
shapes of coflowing laminar-jet diffusion flames, convenient for use
by others, by extending the earlier analysis of Burke and Schumann?
flames due to Mahalingam et al.%

Present observations were limited to soot-containing acetylene-,
propylene- and 1,3-butadienc-fueled laminar-jet diffusion flames
burning in coflowing air. Similar to Ref. 4, the measurements were
limited to conditions near the Jaminar smoke point except for some
preliminary observations to study the effect of approach to the lam-
inar smoke point on flame shapes.

The following discussion begins with descriptions of experimen-
tal and theoretical methods. Results are then considered, treating

flame appearance, luminous flame lengths, luminous flame diam-
eters, and luminous flame shapes, in tum. Major conclusions are
summarized at the end of the paper.

Experimental Methods

Experimental methods will be described only briefly (see Refs.
17~-19 for more details). Effects of buoyancy were minimized by
observing flames at relatively small pressures (<50 kPa) with either
relatively large coflow velocities (air/fuel velocity ratios upto 32.45)
or relatively large source Froude numbers when coflow velocities
were small. The burner was placed within a windowed cylindrical
chamber and directed vertically upward along its axis. The burner
was a coaxial-tube arrangement with the fuel flowing from the inner
port (6-mm inside diameter with the tube wall tapered to provide a
negligible thickness at the tube exit) and air flowing from a concen-
tric outer port (60-mm inside diameter). The inner port had sufficient
length to provide fully developed laminar pipe flow at the bumer
exit. The outer port had several layers of beads and screens to pro-
vide a uniform velocity flow at the burner exit. Flame lengths were
limited so that test conditions approximated flames in a uniform air
coflow based on laser velocimetry measurements of flow velocity

_ distributions.'™"? The windowed chamber had a diameter of 300

mm and 2 length of 1200 mm. Optical access was provided by two
pairs of opposing windows having diameters of 100 mm and cen-
tered on a horizontal plane located S00 mm above the base of the
windowed chamber. The flames were positioned so that their full
lengths could be observed and photographed through the windows.

Fuel was supplied to the inner port from commercial gas cylin-
ders. Fuel flow rates were controlled and metered with critical flow
orifices in conjunction with pressure regulators with this system cal-
ibrated with wet-test meters. Air was supplied from the room using
critical flow orifices to control and meter air-flow rates. The exhaust
products passed through a porous plate into a plenum chamber at
the top of the windowed chamber to provide uniform flow con-
ditions in the vicinity of the test flame. After dilution with air to
reduce flow temperatures, the exhaust flow was removed using the
laboratory vacuum pump system. The flames were ignited by a hot
wire that could be manually moved out of the flowfield once flame
stabilization was complete.

Dark field photographs of the flames were obtained using a 35-mm
reflex camera. The photographs were subsequently printed using 2
100 x 125 mm film format. The flameés were measured directly from
these prints, using photographs of objects of known size to calibrate
vertical and horizontal distances on the prints. Experimental uncer-
tainties (95% confidence) of luminous flame diameters and lengths
were less than 2 and 5%, respectively.

Present test conditions are summarized in Table 1. Gas purities
were greater than 99% for propylene and 1,3-butadiene but were
only roughly 98% for acetylene due to contamination by acetone that
is present in commercial acetylene gas cylinders for safety purposes.
The effect of the acelone was evaluated by comparing observations
with and without acetone vapor present, using the acetone purifica-
tion system described by Hamins et al.* (o create the acetone-free
fuel stream. The effect of acetone on luminous flame shapes (and
laminar smoke-point flame lengths'’-'*) was small compared with
experimental uncertaintics. Present test conditions included reactant

Table1 Summary of test conditions®

Parameter Acetylene Propylene  1,3-Butadiene
Fuel flow rate, mg/s® 094390 153408 074271
Re (=) 19-121 38-101 18-66
Uapflifo(-) 0.22-12.03 0.29-6.99 0.77-3245
H fo. MP/S-m 103 861 8.66

Ly, mm 21-108 4]1-108 21-75
Wiz, mm 3595 59131 43-100
Zg 0.0704 0.0636 0.0667

SFuel pon inside diameter of 6 mm and concenic sir port inside diameter of 50 mm
wuhAhnudireeedvuﬁanywm' tant tefaperanres of roughly 300 K with
ambient pressres of 19-50kPA S e R -
®Commercial grade gases in cylinders with purites as follows: grester tan 98.0% for
acetylene and greaier than 99.0% foc propylene and 1.3-buradiene.
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temperatures of roughly 300 K, ambient pressures of 19-50 kPa, jet-
exit Reynolds numbers of 18-121, and initial air/fuel velocity ratios
of 0.22-32.45.

Theoretical Methods

The objective of the analysis was to develop a convenient way to
help interpret and correlate flame-shape measurements for nonbuoy-
ant laminar-jet diffusion flames in coflowing air, analogous to the
approach used by Lin et al.* for the shapes of nonbuoyant laminar-
jet diffusion flames in still air. Thus, a set of easily used equations
was sought, along with recommendations for selecting the thermo-
chemical and transport properties appearing in these equations, as
opposed to more complete methods that would require numerical so-
lutions on a computer. The approach used was to extend the analysis
of Mahalingam et al.?* (which considers the Burke and Schumann?
problem in the self-similas regime far from the source when the outer
reactant strearn is unbounded) to treat the present problem. The fol-
lowing description of the analysis is brief. A more detailed example
of this general approach, for somewhat different initial conditions
and property assumptions, is provided by Mahalingam et al.*

Except for changed ambient flow properties, the major assump-
tions of the present flame-shape analysis are similar to those used
earlier by Lin et al.* as follows: 1) Attention is limited to steady,
axisymmetric laminar-jet diffusion flames buming at constant pres-
sure in an unbounded coflowing gas having uniform properties;
2) effects of buoyancy and associated changes of potential energy
are negligible; 3) the Mach number of the flow is small so that ef-
fects of viscous dissipation and changes of kinetic energy can be
ignored; 4) the flame has a large aspect ratio so that diffusion of
mass (species), momentum, and energy in the streamwise direction
is small; 5) for the same reasons, the solution of the governing equa-
tions can be approximated by far-field conditions where the details
of initial conditions can be replaced by integral invariants of the
flow for the conservation of mass, momentum, and energy; 6) all
chemical reactions occur in a thin-flame sheet with fast chemistry so
that fuel and oxidant are never simultaneously present at finite con-
centrations; 7) the diffusivities of mass (of all species), momentum,
and energy are all equal; 8) all thermophysical and transport prop-
erties are constant throughout the flame; and 9) effects of radiation
are small. The first three assumptions are justified as conditions of
the present experiments. The fourth and fifth assumptions are jus-
tified for most of the present measurements that have large aspect
ratios, .g., the present measurements summarized in Table 1 have
flame aspect ratios 2L /w2 in the range 462 and burner aspect
ratios 2L ; /d in the range 7-36. The sixth assumption, prescribing a
thin-diffusion flame sheet, has a long history of effective use to find
the shapes of laminar-jet diffusion flames, dating back to Burke and
Schumann.? The remaining assumptions, however, are not satisfied
by laminar-jet diffusion flames and were only adopted so that simple
flame-shape formulas could be found, based on the past success of
similar approximations to find the shapes of laminar-jet diffusion
flames (see Refs. 4-8, 28-31, and references cited therein).

The flame configuration and notation used for the present analysis
is sketched in Fig. 1. The approach is limited to self-similar behavior
far from the source so that the details of source properties are not
important; therefore, the source is represented by uniform average
fuel- and air-stream velocities u s, and &, .. The mixture fractions
(defined as the fraction of mass at a point that originated from the
source fuel stream) of the source fuel and air streams are fy, = 1
and f,, = 0 by definition. The enthalpy defect of the source can
be defined in an analogous way, but this is not necessary because
conservation of energy principles are not needed to find flame shapes
under the present assumptions. The streamwise velocity defect is
defined as follows:

Ug =Ugp— K [4)]

noting that the airstream velocity approaches u,,, at large ¢ for all
distances from the source, based on assumption (1). In the far field,
where self-similar behavior is approached, lug]/u,,, < 1 (the abso-
Jute value is used to allow for values of u s, both larger and smaller
than u, ) and quadratic and higher terms in uy can be neglected in
the governing equations. Then, under the present approximations,
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Fig. 1 Skeich of the coflowing laminar-jet diffusion flame configura-
tion.

the governing equation for conservation of mixture fraction can be
found in the same manner as the far-field formulation of laminar
wake processes, as follows™:

 _rvo(¥
Yaodz = rar (r 8r) @
r=0 %f:o. r—=+o00; f=0 3)

The final condition of the analysis is conservation of the flow of
fuel-stream mass in the streamwise direction, which can be written

as follows in far field:
At dzll fo0
fo frdar= » @

(]

The solution of Egs. (2—4) can be obtained using either conven-
tional separation of variables or conversioninto an ordinary differen-
tial equation by a suitable similarity transformation.”” The resulting
expression for the mixture fraction distribution in the self-similar
regime is as follows:

f =uz. & expl=n?)/(16vx) ®
where
n = (0/Dlkael N 0)

The location of the luminous flame boundary is assumed to coincide
with the location of the thin flame sheet where the concentrations of
fuel and oxidant are zero (see Fig. 1) and the stoichiometric mixture
fraction is reached, f = Z (see Table 1 for present values of Z;).
Introducing this mixture fraction into Eq. (5), for conditions along
the flame axis, yields the following expression for luminous flame
Jength:

L I Re

ot AL

d 162,
The corresponding expression for flame shape, providing the flame
diameter as a function of sireamwise distance, is as follows:

w/d = [(2/ L)1 poftie.) il /xV/Za)} ®

(¢)]
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Finally, a convenient measure of the flame diameter is its value al
x/Ly= 1}, as follows:

wy d = (o) W2/ CZe ®

Correlation of the measurements was sought in the same manner
as Lin et al.*: The equal diffusivity approximation was relaxed by
introducing the $chmidt number into Eq. (7): the Schmidt number
and viscosity used o compute the Reynolds number were taken from
the properties of air at the average of the adiabatic flame temperature
and the ambient temperature; the correlation of flame length was
improved at small aspect ratios by introducing a virtual origin al
a distance L, from the jet exit; and the flame length correlation
was fine-tuned for effects of soot luminosity, etc., by introducing an
empirical coefficient C; 25 discussed later. With these changes. Eq.
(7) for the luminous flame length becomes

(L/ - L)) _ CIRCSC

d 162, a0
whereas Eqg. (8) for the luminous flame diameter becomes
w/d = [~ U g ftes) WS}/ Zulh an
where
(x =L
= ———— 12
4 @=L (12)

Equations (9-12) disclose some interesting properties of non-
buoyant laminar-jet diffusion flames in 2 coflowing and unbounded
environment. First of all, the flame length from Eq. (10) is indepen-
dent of the coflow velocity, which is surprising; nevertheless, flame
Tengths in still gases from Ref. 4 are a fixed ratio longer than in
coflow (given similar values of C; and L,/d).e.g.. the coefficients
in the flame-length expressions for stilt and coflowing gases are %2-
and &, respectively. Diameters of flames in coflow vary with the
ratio U s/, 0 CONTast, diameters of flames in still gases are in-
dependent of reactant flow rates.* Flame-diameter properties in both
coflowing and still gases, however, are only indirectly affected by as-
sumed transpont properties through the computation of lame-length
from Eq. (10). Finally, the present analysis agrees with the results of
Mahalingam et al.*S at their limiting Burke and Schumann?® condi-
tion of & 7, = Ua,ss EXCEPL for the presence of the virtual origin and
the different treatment of ransport properties. The comresponding
agreement between the self-similar prediction and the more exacl
Burke and Schumann? analysis for us, = Hus 23S the diameter of
the outer reactant stream becomes large also is quite good in the far
field, as discussed by Mahalingam et al.¥

Results and Discussion
Flame Appearance
Photographs of acetylene-, propylene- and 1,3-butadiene-fucled
flames are illustrated in Fig. 2 for comparable flow conditions {Re
of 62-66 and u, /s s, of 3.3-4.2). All three flames are close (0
their laminar smoke points, which can be ammanged because flame
shapes are relatively independent of the ambient pressure, whereas

CH, 1 AIR FLAME CyHy | AIR FLAME CaHy/ AIR FLAME
Re=62, p=25 kPs RewtS, pe3b kPa RewgS, ps19 kPa
Uga o= 3.4 u =33 Ugpluy=é.2

Fig. 2 Photographs of scetylene-, propylenes and 1,3-butadiene-
fueled laminar-jet diffusion fames burning in coflowing air at similar
sir/fuel velocity ratios.

Upglupe63

UgolUyg=34

UoplUie=1.3

ACETYLENE / AIR FLAMES, Re » 83, p =19 kPa

Fig. 3 Photographs of acetylene-fueled laminar-jet diffusion flames
burning in coflowing air at various sir/fuel velocity ratios.

laminar smoke-point flame lengths increase rapidly as the ambient
pressure is decreased.® The 1,3-butadiene flame seems somewhat
longer than the rest, but this is mainly because of the flame attach-
ment farther downstream from the burner exit than the rest. Actually,
all three flames have roughly the same length, which is consistent
with Eq. (10) in view of the relatively small variation of Z forthese
fuels (see Table 1) and past experience concerning the effect of ap-
proach to the laminar smoke point on luminous flame shapes from
Lin et al.* Observed flame diameters are somewhat larger for the
13-butadiene-fueled flame than the rest, rather than being nearly the
same as anticipated from Eq. (9). This Jevel of discrepancy between
measured and predicted flame diameters is typical of observations
over the test program and is similar to past experience for flames in
still gases from Linet al.* In view of the simplicity of the flame-shape
analysis, and the fact that average properties and empirical factors
cannot be chosen to fit predictions and measurements of flame di-
amelers, il is rather remarkable that the wends of flame-diameter
predictions are still reasonably good.

Photographs of acetylenc-fueled flames at given fuel jet-exit con-
ditions and ambient pressures (Re of 93 and ambient pressure of
19 kPa) are illustrated in Fig. 3 for various air/fuel velocity ratios.
Contrary to the expectations of Eq. (10), where luminous flame
lengths are independent of air/fuel velocity ratio, the flame lengths
illustrated in Fig. 3 decrease significantly as the air/fuel velocity
ratio is increased. This behavior follows because luminous flame
lengths progressively increase relative to soot-free (blue) flames at
comparable conditions as laminar smoke-point conditions are ap-
proached. For example, the juminous flame lengths at the laminar
smoke point are roughly twice as Jong as corresponding blue flames
for nonbuoyant laminar-jet diffusion flames in still air,* and similar
behavior is quite reasonable for flames in coftowing air. In particular,
increasing air/fuel velocity ratios tend 1o increase laminar smoke-
point flame lengths based on measurements of Lin and Faeth.'?
Thus, for u, . /uyse =1.3 in Fig. 3 the fiame has nearly reached its
laminar smoke-point flame length of 60 mm, but foru, ,/us. =34
the luminous flame length is only 50 mm compared (o 8 laminar
smoke-point flame length of roughly 110 mm for this air/fuel ve-
Jocity ratio, which implics 2 flame length beaween the length of 2
soot-free (blue) flame and the length at the laminar smoke point,
In view of this effect of approach to the laminar smoke point, the
foliowing flame-shape measurements werc obtained near laminar
smoke-point-conditions, and the comresponding lengths of soot-free
(blue) flames arc likely to be much shorter. T

Flame Lengths

Luminous flame length is defined in the following as the stream-
wise distance between the burner exit and the farthest downsiream
plane normal to the flame axis that contacts 2 luminous region of
the flame. For the present flames in coflowing air, this length was
generally associated with the end of luminosity at the flame axis.
For the flames of Lin et al.* in still air, however, this location was
either along the axis or atan annular soot layer for the closed- and
open-tip flames observed near laminar smoke-point conditions for
nonbuoyant Aames in still gases.
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Fig.4 Luminous flame lengths of hydrocarbon-fueled laminar-jet dif-
fusion fiames burning in cofiowing air: correlation and measurements
of Lin et al.* for u,/us,, =0, predictions of the Spalding® theory for
ug o/t , =0, correlation and of the present investiga-
tion for 8.22 € u, ,/ur, < 0.5, and correlation and measurements of
the present investigation for coflowing jet theory.

Measured and predicted lengths of flames in coflowing and still air
are plotted in Fig. 4. Present measurements have been divided into
two groups: 1) u,0/uy, < 0.5, which roughly approximates non-
buoyant flames in still air; and 2) u, ,/u s, > 1 for Fr, > 0.1, which
roughly approximates nonbuoyant flames in coflowing air. All of
the measurements are presented as suggested by the simplified the-
ories of flames in coflowing and still air, ¢.g., Eq. (10) for flames in
coflowing air, with (L, ~ L,)/d ploited as a function of Re Sc/Z,.
Values of Z,, used in the plots are as follows: 0.0704 for acetylene,
0.0636 for ethylene and propylene, 0.0667 for 1,3-butadiene and
0.0602 for propane. Clearly, as mentioned earlier, values of Z,, do
not vary significantly over the presenttest range. All other properties
were obtained from Braun et al.* Values of Sc were based on the
properties of air at the mean temperatures of the flames; these values
do not change significantly over the present test range so that a mean
value of Sc =0.76 was used for plotting all of the data. The values
of u used to find Re for the plots also was based on the properties of
air at the mean flame temperature. Virtual origins were selected so
that fits of the measurements for various fuels and ambient flow con-
ditions passed through the origins of the plots; the resulting values
of L,/d are summarized in the legend of Fig. 4. Finally, plots of the
various predictions for C, = 1.00 (denoted theory) and for best-fit
correlations of the various measurements (denoted correlation) are
also shown on the figure. For convenience, the values of L,/d and
C for all of the flame-length plots considered here are summarized
in Table 2.

The correlation of the flames in still gases according to the simple
Spalding® analysis has already been discussed by Lin et al.* The
resuits illustrated in Fig. 4 for flames in still gases represent near
laminar smoke-point conditions and yield an excellent correlation
having relatively littie scatter with C; = 1.13. As noted earlier, these
luminous flame Jengths for near laminar smoke-point conditions are
roughly twice as long as the measurements of Sunderiand et al.} for
soot-free (biue) flames (Table 2). Present results for coflowing jet
flames with u, ,/u s, > 1 also yield a good correlation according to
the simplified theory of Eq. (10), with C,; = 1.05 in this case. Thus,
flame lengths for flames in still and coflowing gases have roughly
the ratio discussed earlier in connection with Eq. (7),e.8., L ¢ (still
air)/L; (coflow) = %. with this ratio being relatively independent
of #,.0/t7, and Re in accord with the simplified theories, Finally,
present results for small coflow velocities 0.22 <u,../uz, <0.5

Table2 Summary of flame-length correlations

Flame system : Source Lo/d C} o,
Nonbuoyant laminar-jet diffusion Present 1.4% 105 012
flame in coflowing air study
(4g,0ftifo> 1, Fra>0.1,
soot-containing flames)
Nonbuoyant laminar-jet diffusion Linetal* -32 113 —

flame in still air (g o/u s, =0,
Fry = oo, soot-containing

flames)
Nonbuoyant laminar-jet diffusion Present -7 098 010
flame in slow-moving air (0.22 study
£ Ug .0/ g0 <0.5, soot-containing
flames)
Nonbuoyant laminar-jet diffusion Sunderland 27 0.56 —
flame in still air (ugo/us, =0, etall
Fry = 00, so0t-free, blue,
flames)
*Empirical flame-length p besed on Eq. (10) for fiares in coflowing sir and

corresponding equations in Ref. 4 for flames in still or slow-moving (uy../u 0 <0.5)
air.

b Average of following individual values of L, /d for particular hydrocarbon fuels: 1.0
for C3H3. 1.3 for C3Hg, and 1.8 for CeH.
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Fig. 5§ Measured and predicted Jumd fame di: of hydro-
carbon-fueled laminar-jet diffusion flames burning in coflowing sir at
various velocity ratios for u, ,/us, > 1 and Fr, >0.1.

yield a reasonably good correlation in terms of the theory for flames
in still gases, e.g., C; =0.98 from Table 2. These results also are
in reasonably good agreement with earlier measurements in still
gases, with the somewhat shornter flame lengths in the presence of
slow coflow being consistent with other effects of coflow seen in
Fig. 4.

Flame Diameters

The normalized characteristic flame diameter w,,Z}%/d for
coflowing jet diffusion flames is inversely proportional to the square
root of the airffuel velocity ratio and independent of flow trans-
port properties, according to Eq. (9). This relationship, iMustrated
m Fig. 5, is based on present measurements for u, ./t s, > 1 and
Fr, > 0.1 along with the predictions of Eq. (9). The measurements
follow the general trend of the predictions but are rather scattered.
There also is a tendency for flame diameters to progressively in-
crease as a function of fuel type in the order of acetylene, propylene,
and 1,3-butadienc.

Insight concerning the scatier of the measurements in Fig. 5 was
sought by plotting the entire argument of Eq. (9) as a function of
normalized flame length, similar to the approach used for charac-
teristic flame diameters for Rlames in still air by Lin et al.* These
results are illustrated in Fig. 6 for the same range of test conditions
as Fig. 5. The scatter about the predictions progressively decreases
as the normalized flame length increases; therefore, small-flame
aspect ratios appear 10 be mainly responsible for the scatter seen



179

764 LIN AND FAETH
%0 L ¢, pr25kPa I e, pr38kPe
s} o} u".lu,'.-l.i o} Uggluyg= 79
X [ RexTs [ Res53
o} 7 ol
® L [
£ 10 60t L] -
= [ -
3 sof 50
4 -
2 fao “
$ * ol
» »
vi !
$ 2 2
1 7 1" 10
° °
04 e ) o
° 4 8 12 % 20 o0 o 5
Ly-Lo}f 8 rmm) L rime) ¥ (mm)

Fig. 6 Measured and predicted lumi flame i of hydro-
carbon-fueled laminar-jet diffusion flames burping in cofiowing air at
various flame Jengths for e /iy, > 1and Fr,>0.1.
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Fig.7 Measured and predicted luminous flame shapes for scetylene-,
propylene-, and l}-buudlme-fuehd Taminar-jet diffusion fiames burn-
ing in coflowing air.

in Fig. 5. The normalized flame diameters fllustrated in Fig. 6 also
progressively increase as a function of fuel type inthe order of acety-
lene, propylene. and 1.3-butadienc. Similar increases of normalized
flame diameters also were observed when changing from ethylene-
10 propane-fueled flames in still gases.* The reasons for these fuel
effects are not known, but fortunately the effects are not very large
in view of the approximations of the simplified theories.

Flame Shapes

Measured and predicted juminous flame shapes are compared as
{he final step in the evaluation of the simplified flame-shape analysis
leading to Eqs. (9-12) for flames in coflowing air. This comparison
was carried out for relatively large fiame lengths (or large aspect
ratios) 10 reduce problems of fiame-width predictions at small-flame
aspect ratios discussed in connection. with Figs. 5 and 6. Typical
results for acetylene-, propylenc-, and 1,3-butadiene-fueled flames
at similar Reynolds numbers (Re of 62-66) and air/fuel velocity
Falios (Ueo/u s Of 3.34.2) are iHlustrated in Fig. 7. Flame radius
is plotted as a Tunction of streamwise distance t0 illustrate directly
the effectiveness of flame-shape predictions. The predictions clearly

Fig. 8 Measured and predicted luminous fiame shapes for scetylene-
fueled laminar-jet diffusion flames burning in coflowing air at various
fuel jet and coflow conditions.

be seen from the results plotted in Fig. 8. Conditions were selected
for the plots to provide progressively shorter and narrower flames,
eg. acetylene-fueled fiames having Kao/Hse = 23,41, and 79
and Re =96, 76, and 53, respectively. The approximate analysis is
seen to provide good predictions of trends with respect to variations
of air/fuel velocity ratios and Reynolds numbers in the far field.
Predictions near the source, however, are not satisfactory because
of the failure of the far-field approximations. Mahalingam et al®
observe similar trends where predictions are not satisfactory near
the source when comparing their approximate self-similar analysis
with the exact results of the Burke and Schumann? analysis for the
property approximations and the uniform velocity flame conditions
that they consider.

Conclusions

The luminous flame shapes of steady, nonbuoyant, round hydro-
carbon-fueled laminar-jet diffusion flames burning in coflowing air
were studied both experimentally and theoretically. Test conditions
involved acetylene-, propylene-, and 1,3-butadienc-fueled flames
having initial reactant emperatures of 300 K, ambient pressures of
19-50 kPa, jet-exit Reynoids numbers of 18-121,and initial air/fuel
velocity ratios of 0.22-32.45 to yield luminous flame lengths of
21108 mm. The present test flames usually were close to the lami-
nar smoke point but were not soot emitting. The new measurements
were used to evaluate predictions of luminous flame shapes based
on simplified analysis due to Spalding® and Mahalingam et al.® The
major conclusions of the study are as follows:

1) The present extension of the simplified analysis of nonbuoyant
round laminar-jet diffusion flames in cofiow due to Mahalingam
et al.35 provided reasonably good predictions of the luminous shapes
of the present flames in the far field for u, o/ .0 > 1and Fr,>0.1
after appropriate selections of empirical flame-length parameters,
e.g. L,/dand Cy. The predictions were most satisfactory for large
aspect ratio flames and tended to fail near the source where the
far-field approximations used in the analysis were no longer valid.

2) The simplified analysis of nonbuoyant laminar-jet diffusion
flames in still air due to Spalding,’ developed by Lin et ai..! pro-
vided reasonably good predictions of the luminous shapes of the
present flames in slow-moving coflow for 0.22 < Myolugs<03
after appropriate selections of empirical fiame-length paramelers,
eg. L,/dandCy. Present values of the flame Iengths (or C) for
slow coflow (ua.o/t 0 < 0.5) were 15% smaller than the eartier re-
sults of Lin et al.* with no cofiow because of enhanced mixing rates

are quite good in the far field. A minor exception isa y for
predictions o underestimate the radius of the 1,3-butadienc-fucled
flame in the far field, similar to the results discussed in connection
with Fig. 6. The far-field approximations of the analysis, however,
break down near the nozzle exit where the predictions are not very
satisfactory.

Effects of air/fucl velocity ratios and Reynolds numbers o
discrepancies beiween measured and predicied flame shapes can

d by coflow™™ R

3) Based on present comelations of the luminous flame boundarics
of nonbuoyant laminas-jet diffusion flames in still and. coflowing
air, luminous flame lengths increase linearly with fuel flow rates
but are relatively independent of jet-exit diameter, pressure, and
airffuel velocity ratio (for flames in coflow). Nevertheless flames in
still air are roughly 50% longer than flames in significant coflow
(Rooftiga> 112 comparable conditions, with this difference being
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relatively independent of air/fuel velocity ratio and jet-exit Reynolds
number.

4) Based on present correlations of the luminous flame boundaries
of nonbuoyant laminar-jet diffusion flames in still and cofiowing air,
characteristic luminous flame diameters vary linearly with jet-exit
diameter and are relatively independent of flow physical proper-
ties and jet-exit Reynolds numbers. For flames having significant
levels of coflow (u,./uy, > 1), however, characteristic luminous
flame diameters are also inversely proportional to the square root of
g0/l s Thus, large aspect ratio flames can best be achieved using
small injector diarneters, large injector Reynolds numbers, and large
air/fuel velocity ratios, subject to laminar smoke-point limitations
if nonsooting flames are desired.

5) Progressive increases of luminous flame lengths at compara-
ble conditions were observed as the laminar smoke point was ap-
proached for nonbuoyant laminar-jet diffusion fiames in cofiowing
air. This behavior was similar to the observations of Lin et al.* that
the luminous lengths of nonbuoyant laminar-jet diffusion flames in
still air were roughly twice as long at near laminar smoke-point con-
ditions as soot-free (biue) flames at comparable conditions. Whether
quantitative effects of approach to the laminar smoke point are the
same for flames in coflowing and still air, however, still must be
established.

Finally, we recommend that the correlation of flame shapes
for nonbuoyant laminar-jet diffusion flames in coflowing air {Eqs.
(9~12)] be used with caution outside the present test range and un-
til the results are definitively confirmed for long-term microgravity
conditions where the intrusion of effects of transient flame devel-
opmenl and buoyancy are absent. In particular, past observations of
the shapes of steady nonbuoyant laminar-jet diffusion flames in still
gases based on space-based observations in microgravity generally
have been found 1o differ from earlier measurements obtained using
ground-based facilities due 10 effects of transient flame develop-
ment and disturbances due to buoyancy. The present conclusions
concerning effects of burner diameter follow from the simplified
theory; experimental evaluation of these trends is needed.
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